Incoherent quasielastic neutron scattering spectra were measured for nematic para-azoxyanisole (PAA) and para-azoxyphenetole (PAP) with the energy resolution of ca. 30 µeV, at Dubna IBR-2 reactor. Data processing contained a careful background subtraction and the multiple scattering correction. The corrected spectra were subjected to a reorientational model fitting procedure. For PAA, a model of two convoluted reorientationsthat of benzene rings coupled with the terminals and that of the whole molecule around the long molecular axis -gave a fairly good description of the quasielastic neutron scattering spectrum. For PAP, introducing a third motion -interconformational jumps in the ethoxy terminals -in addition to motions suggested for PAA, gave a good agreement with the measured quasielastic neutron scattering spectrum.
Introduction
The incoherent quasielastic neutron scattering (QNS) method is widely used for determining the time scale and specification of fast stochastic reorientations of molecules and/or molecular fragments in condensed matter [1] . The interpretation of experimentally obtained QNS spectra takes place via fittings of a model scattering function convoluted with the instrumental function. The model scattering function contains characteristic times of those motions which were chosen in the reorientational model. The QNS method is selectively sensitive to hydrogen atoms, through which reorientations are observed. The method "works" in an appropriate "time window" eliminating the motions too slow and/or too fast. This occurs by an appropriate selection of the energy resolution of the neutron spectrometer.
If applied to complicated molecular systems the QNS method has to be used very carefully: not only the energy resolution but also the scattered neutron momentum transfer have to be properly selected, and all relevant corrections such as background subtraction and multiple scattering have to be properly estimated. A selective deuteration may also be helpful. All these precautions may, however, show up as -insufficient, if the system is too complicated.
This paper presents an application of the QNS method to molecular systems which are somewhat complicated, but still accessible to the method. The systems (513) are: the nematic para-azoxyanisole (PAA) and the nematic para-azoxyphenetole (PAP), whose molecules are presented in Fig. 1 . These substances were studied by us some time ago [2] with a broad energy resolution spectrometer. Now we present results obtained with a narrower energy resolution and with all experimental corrections more carefully taken into consideration.
Experimental
The QNS measurements with PAA and PAP were carried out on a time-of--flight "inverted geometry" spectrometer NERA, installed at the pulse reactor IBR-2 of the Joint Institute for Nuclear Research at Dubna, Russia [3] . The fixed scattered neutron energy was 4.76 meV. The energy resolution (HWHM of the instrumental function -explanation see below) was ca. 30 µeV. Measurements were carried out for several scattering angles, but the final analysis of data was performed only for one of them -30°, which corresponded to the momentum transfer of 0.79g -1 . The choice of the momentum transfer was connected with the fact that the multiple scattering correction was smaller and that the higher order harmonics could have been neglected.
Unoriented samples were in an Al-sample holder situated in a furnace with a thermostat. A sample thickness was ca. 1.5 mm. The multiple scattering was taken into consideration in the data analysis using the standard algorithm [4] .
Isolation of QNS plus elastic components was performed by subtracting the most natural line connecting the far lying ends of the scattering pattern from the measured spectrum.
Scattering function and reorientational models
The theoretical function which was fitted to the isolated QNS spectra was [1, [5] [6] [7] where σinc is the incoherent cross-section of hydrogen (79.7 barns), hκ = hk f -hki is the neutron momentum transfer (index i stands for incoming neutron beam and f for scattered), hω = Ef -Ei is the neutron energy transfer, G(ω) is the instrumental function, * means the convolution operation, and S(κ, ω) stands for the modified scattering function (explanation see below).
The instrumental function G(ω) is a spectrum measured for a certain sample which scatters the neutrons in a purely elastic way. (Due to a computational reason, the measured spectrum is usually transformed into an analytical form of a certain well-known mathematical function (into a Gaussian function, e.g.) by the procedure of the numerical fitting.)
In our experiment the spectra of the vanadium (measured at the room temperature for the convenient scattering angles) were taken as the instrumental functions. For the computer calculation they were transformed into a sum of the two Gaussian functions (due to a certain distortions of the spectra obtained from the NERA spectrometer -for detail explanation see [3] ).
Formula (1) should contain the model scattering function S(", ω) corresponding to the type of reorientation under consideration. For instance, for a uniaxial rotational diffusion of hydrogen atoms the model scattering function S(κ, ω) is [1, 6, 7] as follows:
where J" stands for cylindrical Bessel functions, r is the gyration radius of the a reorienting hydrogen atom, Γ n = , r1 is the reorientational correlation time, and () stands for averaging over all molecular orientations in the sample.
For the uniaxial 120° angular jumps the model scattering function S(κ, ω) is [1, 6, 7] where Γ = ? -and τo is the residence time between instantaneous jumps.
However, for molecules such as PAA or PAP one cannot expect that the scattering function will be so simple. Therefore we introduce in Eq. (1) the modified scattering function with a variable ratio of the elastic to quasielastic parts. This is achieved via a phenomenological parameter p The p-parameter can now be treated as a "detector" of the adequacy of the model. If p = 0, it means that the model describes (formally) well the spectrum. If p < 0, it means that some motions, whose time scale coincides with the time window of the spectrometer, have not been taken into account in the model. If p > 0, it means that the model contains motions which in reality are not present in the sample.
Results and discussion
Figures 2a and b present the isolated QNS spectra obtained for PAA and PAP (both nematic), respectively, at the scattering angle 30°. Spectra corrected for multiple scattering are shown as compared with the uncorrected ones. The fitting procedures were applied to the corrected spectra. In the first attempt we tried the simplest model in which we assumed that a rotational diffusion of "molecular halves" is responsible for the QNS spectra. It means that the only motion taken into account is a rotation of the benzene rings (with the rigidly coupled terminal alkoxy groups) around the axes determined by the C(benzene)-N(azoxy) bonds (see Fig. 1 ). The results of this attempt are the following:
• for PAA (temp. +120°C): τ1 = 8.5 ps, p = -0.19,
• for PAP (temp. +144°C): τ1 = 8.3 ps, p = -0.50.
In both cases the p-parameter is significantly lower than zero, indicating the existence of more motions in the relevant time window.
Thus, we introduce to the model another motion in addition to that of the "halves". It is the rotational diffusion of the molecule as a whole, around the axis of the smallest moment of inertia (see Fig. 1 ). Now, we must point out that the correlation time for this motion is known from the dielectric relaxation measurements [8, 9] (here we assume that the reorientational correlation time is simply equal to the dielectric relaxation time).
The dielectric relaxation times for PAA and PAP (both nematic) are 22 ps and 26 ps respectively. Introducing these times as correlation times to the model, in which the scattering functions of the two motions (rotation of the "halves" and rotation of the whole molecule) are convoluted, we obtain
• for PAA (temp. +120°C): τ1 (halves) = 7.7ps, τ1 (whole) = 22ps [8] , p= 0.09,
• for PAP (temp. +144°C): τ1 (halves) = 3.9 ps, τ 1 (whole) = 26 ps [9] , p = -0.12.
In the case of PAA we have to be satisfied. The value of p is not very different from zero (which means that the model is adequate) and moreover, it is slightly positive, which would mean that we have introduced too many motions to the model. Perhaps the motions in question are in PAA somewhat restricted, due to steric conditions in the nematic phase, which caused an increase in the elastic component.
But in the case of PAP we still have one possibility of improvement. We may include into considerations the third motion, i.e. the angular (120°) jumps of the ethyl (C2H5) segment of the ethoxy terminal around the axes determined by the O(ethoxy)-C(ethoxy) bonds (see Fig. 1 ). After performing time consuming convolution computation (with parametrized residence time of reorienting segments in the terminals [2] ), we obtain
• for PAP (temp. +144°C): τ 1 (halves) = 8.6 ps, τ 1 (whole) = 26 ps [9] , τ0 (in segment) = 10 ps, p= 0.01. It has to be pointed out here that the motion which obviously coincides with the time window of our spectrometer -the terminal methyl (CH3) rotation around its triple symmetry axis -is not visible in our measurements at 30° scattering angle, since the gyration radius of the hydrogen atoms is very small (ca. 0.9 A) and hence the intensity of the quasielastic component caused by it is negligible.
Figures 3a and b present the experimental spectra (corrected for multiple scattering) of PAA and PAP as compared with the model described as above.
Conclusion
The QNS spectra of the nematic PAA and PAP are fairly well described by the reorientational models, which contain: for PAA -a convolution of two motions -reorientation of molecular "halves" and reorientation of the whole molecule around its long axis, and, for PAP -a convolution of three motionstwo of them the same as for PAA and in addition the interconformational jumps in the ethoxy terminals.
